Introduction
Somers and Shive (37) suggested that the physiological availability of iron in plants is determined by the relative manganese supply and that the optimum growth and yield of plants depend on a certain definite proportion rather than the absolute level of iron and manganese supply. These workers also held that iron deficiency is identical with manganese excess and iron excess with manganese deficiency, the 2 elements having a mutually antagonistic effect. Twyman (40) and Weinstein and Robbins (42) observed a close similarity between the effect of iron deficiency and manganese excess but the experimental evidence obtained by Berger and Gerloff (8) , Hewitt (15, 16) , and Morris and Pierre (24) indicated that in many plants the effects of the 2 were quite distinct.
To find out if a definite ratio of iron and manganese supply is necessary for optimal growth of barley, and to learn if the deficiency of iron is identical with manganese excess, we investigated the interaction of iron and manganese as it relates to the growth, visual pathological effects, chlorophyll, nutrient uptake, sugars, protein, and nonprotein nitrogen, and iron porphyrin enzymes in barley. This paper describes the interaction of iron and manganese as it relates to the growth, dry matter yield, chlorophyll content, and the iron porphyrin enzymes. In mature barley plants efforts to measure cytochrome oxidase were not successful and the study of iron porphyrin enzymes was confined to catalase and peroxidase.
Materials and Methods
Barley (Hordeumit vulgare L. var. K 12) plants were raised in refined sand culture at 3 levels of manganese, 0.0055 ppm (low), 0.55 ppm (normal), and 5.5 ppm (excess). At each level of manganese supply there were 6 levels of iron supply, 0.056 ppm, 0.28 ppm, 0.56 ppm, 1.4 ppm, 5.6 ppm, and 28 ppm. The 18 iron manganese combinations represented varying iron/manganese ratios ( Chlorophyll. In the first leaf chlorophyll was only slightly affected by variation in iron and manganese supply ( fig 5) . In the leaves other than the first, chlorophyll was related to iron and manganese supply. At all the 3 levels of manganese, increase in iron supply in the range 0.056 to 1.4 ppm brought about marked increase in chlorophyll, significant at P < 0.05 (fig 6, 7, 8 ). At the low and normal manganese supply increase in chlorophyll was gradual but at the excess manganese supply there was an abrupt, over twofold, increase between 0.056 to 1.4 ppm iron supply. Above 1.4 ppm iron supply increase in chlorophyll was appreciable only at the low manganese level.
In the entire range of iron supply, low manganese depressed chlorophyll, the depression being marked and generally statistically significant at 52 and 80 days growth. The effect of the excess manganese supply was largely determined by the iron supply. Excess manganese depressed chlorophyll within the range of iron supply 0.056 to 0.56 ppm but not above 1.4 ppm.
Catalase. In the first leaf catalase was not affected by variation in iron-manganese supply (fig 9) . In leaves other than the first, irrespective of the man- Peroxidase. The effects of iron and nmanganese supply on the peroxidase were interrelated. In the first leaf, peroxidase was generally not affected by variation in manganese supply at 5.6 and 28 ppm iron supply. But at 0.056 to 0.56 ppnm iron supply low manganese depressed peroxidase and at 0.056 to 1.4 ppm iron supply excess manganese increased peroxi(lase, the increase being very marked and statistically significant (fig 13) . In leaves other than the first, at the normal manganese supply, peroxidase was dlepressed within the range 0.056 to 0.56 ppm iron supply and, but for one exception, not affected within the range 1.4 to 28 ppm iron supply (fig 14, 15, 16 (8) Lespedeza (24) and certain other plants (41) but not in soybeans (37) oats and tomlato (40) and sunflower (42) Iron supply The yield of plants showed a significant interaction of iron and manganese supply. In contrast to the findings of Pugliese (34) for wheat, Scharrer and Schropp (35) for maize, and Somers and Shive (37) for soybeans, yield of barley plants was found to be determined more by the absolute levels of iron or manganese supply than by their relative proportions. The Fe/Mn ratio for maximum yield at the 3 levels of manganese varied widely-835 at low manganese, 10 at normal manganese, and 0.25 at excess manganese. Moreover, the same ratio of iron to manganese (Fe/Mn = 10) produced the lowest yield when the actual supplies of iron and manganese were 0.056 and 0.0055 ppm respectively and the highest when the supplies of the 2 nutrients were raised hundredfold (5.6 ppm iron, 0.55 ppm manganese). That absolute levels of iron and manganese supply rather than the Fe/Mn ratio were more important in determining yield of oats has been earlier shown by Twyman (40) .
Although it is not possible to completely discount the possibility, it appears extremely unlikely that the differences in the results presented here and that of Somers and Shive (37) were due to the form in which iron was supplied. Somers and Shive (37) supplied iron as ferrous sulphate whereas iron was supplied as ferric citrate in the experiments described here. Somers and Shive (37) postulated that owing to the high redox potential for the oxidation of Mn+ + to a higher valency form, manganese was able to cause the oxidation of most of the ferrous form of iron to the ferric state which was considered to be physiologically inactive, the ferrous form of iron being the physiologically active iron. Kenten and Mann (20, 21, 22, 23) have established the presence in plants of a system which would bring about the oxidation of Mn++ to Mn+++. From this it does not necessarily follow that Mn+++ oxidizes Fe+ + to Fe+++ +. In addition to ferrous iron a number of other substances are present in plants which could reduce trivalent manganese to divalent manganese. Pirson (33) has concluded that there is no indication of an oxidation-reduction system between these 2 elements. Hewitt (17) has concluded that the activity of heavy metals to induce iron deficiency effects cannot be explained on the relative oxidation-reduction potentials of the heavy metals and that there is no justification in assigning a unique position to manganese in this respect. In view of the fact that most iron porphyrin systems involve the reversible reaction ferric to ferrous, Arnon (5) considered it doubtful if plants can utilize only ferrous iron. Further, if the assumption that ferrous iron is the physiologically active iron is correct, it would follow that there is an active system in plants which normally converts Fe+ ++ to Fe+", otherwise it would not be possible to grow plants with ferric iron-a form in which iron is usually supplied (Hewitt, 18) . Somers and Shive (37) also held that there is an active system in plants for converting Fe+++ to Fe+ + iron.
In the light of the hypothesis proposed by Somers and Shive (37) one would expect a similarity in the effects of iron deficiency and manganese excess and a mitigation of the effects of the former by manganese deficiency. The effect of iron deficiency and manganese excess was identical on chlorophyll and catalase. But peroxidase was depressed by iron deficiency and often markedly enhanced by manganese excess. Also the effect of iron deficiency on chlorophyll, catalase, and peroxidase was often enhanced rather than mitigated by manganese deficiency.
In respect to the depression in both catalase and peroxidase at the deficient levels of iron supply, 0.056 to 0.56 ppm at the normal manganese supply, our results are in accord with DeKock et al. (13) (42) , Ban- erjee (7), and Agarwala and Sharma (2). The depression in chlorophyll at low iron levels has also been reported by Sideris and Young (36), Weinstein and Robbins (42), DeKock et al. (13) , and Agarwala and Sharma (2). The depression in chlorophyll catalase and peroxidase at low levels of iron supply could be a result of the depression in the synthesis of a precursor, common to chlorophyll and the heme part of catalase and peroxidase which was earlier suggested to be dependent on the level of iron supply (2) rather than the tissue iron. The be expected on the basis of tissue iron (fig 17-24) . Some quantitative differences were noted between the magnitude of the effects of iron and manganese supply on catalase and peroxidase on the fresh weight basis and on the protein nitrogen basis (fig 10-12 , 14-16, 25-30) and in general, the effects on protein nitrogen basis were less marked than on the fresh weight basis. But the main trends were almost similar on the 2 bases with the important exception that, at 80 days growth, catalase which was depressed by manganese deficiency on fresh weight basis showed an increase on the protein nitrogen basis at low levels of iron supply, 0.056 to 0.56 ppm iron. In any case, the changes in the concentration of protein nitrogen cannot explain the diverse trends in the 2 enzymes in relation to manganese supply as found here; if protein synthesis is involved in the change in enzyme concentration it would be the specific enzyme protein rather than the total protein.
The depression in chlorophyll and catalase due to manganese deficiency would suggest that manganese also affects the synthesis of the common precursor of chlorophyll and the heme of catalase. The depression in chlorophyll and catalase at the excess manganese supply may be due to the substitution of manganese in place of magnesium and iron in their respective porphyrin as suggested by Sideris and Young (36) . But the effect of variation in manganese supply on peroxidase cannot be explained by suggesting that the synthesis of porphyrin is impeded at the low and excess manganese supply. Many instances were found where peroxidase was markedly increased at both low and excess manganese supply. This would mean that the synthesis of the 2 moieties of peroxidase, the specific protein and the heme, was stimulated. It would also show that iron in sufficient quantity was available for incorporation in protoporphyrin-9 to form the heme of peroxidase and the enzyme responsible for incorporation of iron in protoporphyrin (27) was not depressed. The suggestion of Sideris and Young (36) that manganese, when supplied in excess, competitively replaces iron in heme does not seem to explain the increase in peroxidase as manganese porphyrin, when combined with peroxidase protein in vitro, was found to show very feeble peroxidase activity (14, 39) . Many instances are known where a deficiency or excess of an element increased an enzyme for which the element was not a specific cofactor (30, 25, 26, 4, 28) . It is possible that the deficiency or the excess of an element, apart from other effects, upsets the balance in the synthesis of the different specific proteins. This is reflected in the increase of some enzymes and the decrease of others. This would also explain the diverse trends in catalase and peroxidase obtained in other cases (6, 1 
